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Abstract Glycine and glycine receptors (GlyRs) were
analyzed immunocytochemically in the retina of the frog
Rana ridibunda. Glycine was localized to somata of
glycinergic amacrine and interplexiform cells. Approxi-
mately 50% of the cells in the amacrine cell layer were
found to be glycinergic. GlyRs of the inner plexiform layer
(IPL) were localized to brightly fluorescent puncta,
probably representing postsynaptic clusters of GlyRs.
GlyR clusters were not evenly distributed across the IPL
but showed patterns of stratification specific for the
various GlyR subunits. Clusters containing the α1 subunit
formed four narrow strata within the IPL. Clusters
containing the α3 subunit were more abundant and
covered the whole IPL, with a band of higher density in
stratum 3. Clusters of GlyRs were also observed in the
outer plexiform layer. Thus, several isoforms of synaptic
GlyRs involved with different synapses and inhibitory
circuits are present in the frog retina.
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Introduction

Glycine, together with γ-aminobutyric acid (GABA), is a
major inhibitory neurotransmitter of the vertebrate retina
(for reviews, see Marc 1985, 1989; Pourcho 1996;

Kalloniatis and Tomisich 1999). Dependent on the species
investigated, glycine has been localized to 30%–50% of all
amacrine cells comprising many different morphological
types (Pourcho and Goebel 1985; Yazulla and Studholme
1990; MacNeil and Masland 1998; Menger et al. 1998). A
subpopulation of interplexiform cells appears to be
glycinergic, but their numbers vary between species and
depend on the methods applied for their labeling (uptake
of 3H-glycine or glycine immunoreactivity; Marc and Lam
1981; Marc 1985; Yazulla and Studholme 1990). Glycine
has also been localized to bipolar cells, especially in the
mammalian retina. However, these cells have been shown
to accumulate glycine through their gap junctions with
glycinergic amacrine cells (for reviews, see Pow 2001;
Vaney 2002), and it is debatable whether they release
glycine as their transmitter.

The action of glycine is mediated through distinct
receptors, a chloride conductance being activated upon the
binding of glycine with such a receptor (for reviews, see
Vannier and Triller 1997; Legendre 2001; Laube et al.
2002). The glycine receptor (GlyR) is composed of ligand-
binding α subunits and structural β subunits that bind to
the clustering protein gephyrin. In the adult, three copies
of the α subunit and two copies of the β subunit form the
pentameric receptor protein. Molecular cloning has
revealed four genes coding for the α1, α2, α3, and α4
subunits, and only one gene coding for the β subunit
(Matzenbach et al. 1994).

The localization of GlyRs and gephyrin in the
mammalian retina has been studied by using three
monoclonal antibodies (mAbs): mAb2b recognizes the
α1 subunit, mAb4a the α1, α2, α3, α4, and, to a lesser
extent, the β subunits, and mAb7a recognizes most
isoforms of gephyrin (Pfeiffer et al. 1984; Schröder et al.
1991). Recently, a new polyclonal antibody that recog-
nizes the α3 subunit has been raised in rabbits
(Haverkamp et al. 2003). Both light and electron micros-
copy have shown that GlyRs are clustered at postsynaptic
sites (Sassoè-Pognetto et al. 1994; Sassoè-Pognetto and
Wässle 1997). Gephyrin is also clustered at postsynaptic
sites (Pourcho and Owczarzak 1991a, 1991b) and acts as a
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scaffold protein that binds GlyRs to the cytoskeleton. It is
not only essential for the synaptic aggregation of GlyRs,
but also for most isoforms of GABAA receptors (Sassoè-
Pognetto et al. 1995; Essrich et al. 1998; Feng et al. 1998;
Kneussel et al. 1999; Fischer et al. 2000).

Relatively little is known about GlyRs in lower
vertebrate retinae. The existing data concern fish and
Xenopus laevis retinae, and the synaptic localization of
gephyrin (mAb7a) has been described by Smiley and
Yazulla (1990), Yazulla and Studholme (1991a, 1991b),
and Zucker and Ehinger (1993). Because gephyrin is also
involved with the clustering of GABAA receptors, it can
no longer be considered as a specific marker of glycinergic
synapses. The distribution of GlyRα1 expressing synapses
has recently been revealed in the zebrafish retina by
immunostaining with mAb2b (Yazulla and Studholme
2001).

In the present study, we have localized immunocyto-
chemically the GlyRs in the retina of the frog Rana
ridibunda, a species that we have widely used in
electrophysiological experiments (Kupenova 1997; Popo-
va et al. 1997, 2000; Vitanova et al. 1997). We have
applied the antibodies mAb2b (against GlyRα1), mAb7a
(against gephyrin), and mAb4a (against “all” GlyRs), and
a novel antibody against GlyRα3 (Haverkamp et al. 2003).

Materials and methods

Tissue preparation

All procedures were in accordance with the Bulgarian law for
animal experiments. Retinae of the frog R. ridibunda were
examined. The animals were deeply anesthetized with halothane
and decapitated. The eyes were removed and dissected, and the
posterior eyecups with retina were immediately immersed in 4% (w/
v) paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for
15–30 min. After fixation, the retinae were dissected from the
eyecup and cryoprotected in graded sucrose solutions (10%, 20%,
and 30% w/v), respectively. Cryostat sections were cut at 14 μm,
mounted on slides, and stored at −20°C.

Antibodies

Three mAbs raised against purified GlyR were used; they were
kindly provided by Heinrich Betz, Frankfurt. Their preparation and
specificity have been described in detail previously (Pfeiffer et al.
1984; Schmitt et al. 1987; Schröder et al. 1991). Briefly, mAb2b
recognizes a single band of 48 kDa in Western blots of purified
spinal cord GlyR preparations (Pfeiffer et al. 1984) and has been
shown to be specific for the 10 N-terminal residues of the GlyRα1
subunit (Schröder et al. 1991). MAb4a recognizes an epitope
between positions 96 and 105 of the GlyRα1 subunit (Schröder et
al. 1991), which is highly conserved in all α subunits and the β
subunit (Grenningloh et al. 1987, 1990; Kuhse et al. 1990; Harvey et
al. 2000). MAb7a is specific for the 93-kDa protein gephyrin
(Pfeiffer et al. 1984) and does not cross-react with any of the other
GlyR polypeptides (Schmitt et al. 1987). The antibodies were
diluted 1:100.
A polyclonal goat antibody against GlyRα2 (N-18) was

purchased from Santa Cruz Biotechnology (Heidelberg, Germany)
and was used at a dilution of 1:200. A polyclonal rabbit antibody
against the C-terminus of GlyRα3 was used at a dilution of 1:1,000.
This antibody was a kind gift from R.H. Harvey (London), and its

specificity is described in Haverkamp et al. (2003). A polyclonal
antiserum against glycine raised in rat was a kind gift from David
Pow (Brisbane) and was used at a dilution of 1:1,000 (Pow et al.
1995).

Western blot analysis

Western blots were performed on homogenates prepared from frog
retina. Unfortunately, fresh tissue was not available, and frozen
tissue had to be used. Tissues were homogenized in buffer
containing 0.32 M sucrose, 0.04 M HEPES, and a protease inhibitor
cocktail (Complete mini, Roche Diagnostics, Mannheim). After a
low-speed spin (2,000g, 3 min), the supernatant was spun at 13,000g
for 20 min at 4°C. The pellets were resuspended in homogenization
buffer. Protein (20 μg) was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis on a 10% gel and was transferred
to nitrocellulose by using standard techniques. After being blocked
in 5% (w/v) powdered milk in TRIS-buffered saline (TBS: 0.01 M
TRIS–HCl, pH 7.4, 0.15 M NaCl) containing 0.05% (v/v) Tween-20
(TBST) for 1 h at room temperature, the membranes were incubated
in mAb4a (1:100) overnight. After three washes for 10 min each in
TBST, the blots were incubated in goat anti-mouse IgG conjugated
to horseradish peroxidase (New England Biolabs, 1:2,000) in TBST
for 1 h. Following washes in TBST and TBS, the signal was
developed in the blots by using enhanced chemiluminescence
(Amersham Biosciences).
Western blots of retina showed that antibody mAb4a recognized a

single band with an apparent molecular weight of ≈35 kDa (see
below). This corresponds to the fragment of 35 kDa of GlyRs after
proteolytic cleavage. Cleavage of GlyRs is known to be rapid
(Büttner et al. 2001), and since we only had access to frozen tissue,
this cleavage is to be expected.

Immunocytochemistry

The antibodies were diluted in phosphate-buffered saline (PBS), pH
7.4, containing 5% Chemiblocker (Chemicon, Hofheim) and 0.5%
(w/v) Triton X-100. Immunocytochemical labeling was performed
by the indirect fluorescence method. After preincubation in PBS
containing 5% Chemiblocker and 0.5% (w/v) Triton X-100, the
sections were incubated overnight in the primary antibodies,
followed by incubation (1 h) in the secondary antibodies, which
were conjugated either to Alexa TM 594 (red fluorescence) or Alexa
TM 488 (green fluorescence; Molecular Probes, Eugene, Ore.). In
double-labeling experiments, sections were incubated in a mixture
of primary antibodies, followed by a mixture of secondary
antibodies.

Light microscopy

Fluorescent specimens were viewed with a Zeiss (Oberkochen,
Germany) Axiophot microscope equipped with a fluorescent filter
set that was wedge-corrected, i.e., shifting from one filter to the
other did not introduce spatial displacements. Black-and-white
digital images were taken by using a cooled charge-coupled device
camera (spot 2; Diagnostic Instruments, Sterling Heights, Mich.).
Images taken with the red and green fluorescent filters were
pseudocolored and superimposed by using metaview software
(Universal Imaging, West Chester, Pa.). Confocal micrographs
were taken on a Zeiss LSM5 Pascal confocal microscope equipped
with an argon laser and a HeNe laser. High-resolution scanning was
performed with a Plan-apochromat 63X/1.4 objective and with
1,024×1,024 or 2,048×2,048 pixels. Single optical sections are
shown. The brightness and the contrast of the final images were
adjusted by using Adobe Photoshop 5.5.
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Results

Glycinergic neurons of the frog retina

Immunocytochemical staining of sections through the frog
retina with an antiserum against glycine (Fig. 1) revealed
brightly fluorescent amacrine and interplexiform cell
bodies located in the inner half of the inner nuclear layer
(INL). The cell bodies were arrayed in two tiers in which
approximately 50% of the cell bodies were labeled. We did
not observe labeled displaced amacrine cells or ganglion
cells. We only rarely detected interplexiform processes
running toward the outer plexiform layer (OPL; arrow-
heads in Fig. 1B) and ramifying there (arrows). This
staining pattern was in agreement with previous descrip-
tions of glycinergic amacrine cells in lower vertebrate
retinae (Yang and Yazulla 1988; Smiley and Basinger
1989; Yazulla and Studholme 1990). In contrast to the
mammalian retina (see Fig. 3 in Haverkamp and Wässle
2000), no bipolar cells were found to be labeled beyond
background labeling. Fine amacrine cell processes were
faintly labeled throughout the inner plexiform layer (IPL;
Fig. 1B), and the IPL appeared to be stratified. Following
Cajal (1893), we subdivided the IPL into five strata of
equal thickness.

Synaptic localization of GlyRs

Conventional immunohistochemistry provides little evi-
dence for the synaptic localization of ionotropic neuro-

transmitter receptors, suggesting that their epitopes are not
readily accessible in the postsynaptic densities (Fritschy et
al. 1998). We have overcome this problem by fixing the
tissue only briefly (15–30 min) by immersion into 4%
paraformaldehyde. Unfortunately, tissue preservation is
compromised by such brief fixation.

The antibody mAb4a is directed against an epitope that
is highly conserved in all α subunits and in the β subunit
(Grenningloh et al. 1987; Schröder et al. 1991) and is
supposed to recognize all GlyRs. It labeled a band at
approximately 35 kDa in Western blots of frog retinae
(Fig. 2C). Since only frozen tissue was available, this band
probably corresponded to the major fragment of GlyRs
following proteolytic cleavage (Büttner et al. 2001).
Immunolabeling within the IPL had a distinct punctate
appearance (Fig. 2D), which suggested a synaptic local-
ization, as demonstrated previously by electron microsco-
py for GlyRs and for other transmitter receptors
(Brandstätter et al. 1998; Wässle et al. 1998). We,
therefore, interpreted the puncta in the IPL (Fig. 2D) as
clustering of GlyRs in postsynaptic densities. Low-power
views (Fig. 2A) did not resolve the individual puncta but
showed that their density distribution across the IPL was
uneven, there being a narrow horizontal band of higher
density in the lower stratum 1 and a broader band in strata
3 and 4. Label in the OPL (Fig. 2B) was also punctate, but
only a low density of puncta was found. This suggested
the presence of glycinergic synapses in the OPL.

The monoclonal antibody mAB2b is specific for the 10
N-terminal residues of the GlyRα1 subunit (Schröder et al.
1991). In the IPL of vertical sections immunostained with

Fig. 1A, B Vertical sections
through frog retina immunola-
beled for glycine. A Low-power
fluorescence micrograph show-
ing the labeled perikarya in the
INL. B High-power fluores-
cence micrograph (ONL outer
nuclear layer, OPL outer plexi-
form layer, INL inner nuclear
layer, IPL inner plexiform layer,
GCL ganglion cell layer). The
labeled perikarya occupy the
inner half of the INL (arrow-
heads, arrows interplexiform
cell process ascending toward
the OPL). The IPL is subdivided
into five strata (1–5) of equal
width, and the processes of
amacrine cells are faintly la-
beled. Bar 100 μm (A), 35 μm
(B)
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mAb2b (Fig. 3A; the corresponding area usingNomarski
optics is shown in Fig. 3B), immunolabeling was punctate,
suggesting that the GlyRα1 subunits were aggregated at
postsynaptic sites. However, in contrast to Fig. 2, fewer
puncta were found in the IPL and also their laminar
distribution differed. Four bands of higher density could
be distinguished (Fig. 3A): a band at the border of strata 1
and 2, a band at the border between strata 2 and 3, a band
in stratum 3, and a band in stratum 4. We also counted the

number of synaptic clusters in sections labeled for mAb4a
(all GlyRs) and in sections labeled for mAb2b (GlyRα1).
The density of mAb4a puncta was 97±24.3 (n=4, mean ±
SD) per 100 μm2; that of mAb2b puncta was 59.8±4.7
(n=6, mean ± SD) per 100 μm2. This result showed that
the α1 subunit was only expressed in a subpopulation of
postsynaptic GlyRs of the frog retina and that there was
more than one type of synaptic GlyR in the frog retina.

Fig. 2A–D Vertical section
through a frog retina immuno-
labeled for mAb4a (thought to
recognize all GlyRs). A Low-
power view of mAb4a immu-
nofluorescence (left) and the
retinal layers by Nomarski op-
tics(right; OS photoreceptor
outer segments, IS photorecep-
tor inner segments, ONL outer
nuclear layer, OPL outer plexi-
form layer, INL inner nuclear
layer, IPL inner plexiform layer,
GCL ganglion cell layer, 1–5
IPL subdivided into five strata).
B OPL of the section in A at
higher magnification. CWestern
blot analysis showing a single
band labeled with an apparent
molecular weight of ≈35 kDa by
mAb4a. This band corresponds
to GlyRs following proteolytic
cleavage. D IPL from the boxed
area in A at higher magnifica-
tion. Bar 80 μm in (A), 45 μm
(B), 20 μm (D)

Fig. 3A, B IPL of a vertical
section through a frog retina
immunolabeled for mAb2b (re-
cognizes the α1 subunit of the
GlyR). A GlyRα1 immunola-
beling is punctate and four strata
of higher density of puncta can
be recognized. B Retinal layers
by Nomarski optics (INL inner
nuclear layer, IPL inner plexi-
form layer, GCL ganglion cell
layer, 1–5 IPL subdivided into
five strata). Bar 20 μm
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Recently, a polyclonal antiserum has been raised against
the 13 C-terminal amino acids of the mouse GlyRα3
subunit (Haverkamp et al. 2003); its specificity has been
tested in HEK 293T cells transfected with cDNAs of the
various GlyR subunits. The antiserum recognizes only the
GlyRα3 subunit in transfected cells. Strong specific
labeling of GlyRα3 clusters and weak nonspecific labeling
of Müller cells has been observed in sections through the

mouse retina (Haverkamp et al. 2003). By confocal
microscopy, this antiserum revealed GlyRα3-immunore-
active puncta throughout the IPL (Fig. 4A). An indication
of a horizontal band of larger puncta was found in stratum
3. This became more apparent under conventional low-
power fluorescence microscopy (Fig. 4C). Bands of higher
density of puncta were found in stratum 1, in stratum 2,
and most prominently in stratum 3. A comparison of

Fig. 4A–C Vertical sections
through frog retina immunola-
beled for the GlyRα3 subunit. A
Confocal micrograph of
GlyRα3 immunofluorescence.
Punctate immunofluorescence is
found throughout the IPL (1–5
IPL subdivided into five strata).
In the OPL, a horizontal cell
body (HC), horizontal cell pro-
cesses, and individual puncta are
labeled. B Retinal layers by
Nomarski optics (ONL outer
nuclear layer, OPL outer plexi-
form layer, INL inner nuclear
layer, IPL inner plexiform layer,
GCL ganglion cell layer). C
Low-power conventional fluo-
rescence micrograph showing
the laminar distribution (hori-
zontal lines) of GlyRα3-immu-
nolabeled puncta across the IPL.
Bar 35 μm (A, B), 55 μm (C)

Fig. 5A, B Fluorescence stain-
ing of a vertical section through
the IPL of a frog retina double-
labeled by mAb4a (A) and for
GlyRα3 (B). Comparison of the
labeled puncta within the boxed
area shows that several are
double-labeled. Bar 10 μm
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Fig. 4A, C with Fig. 3A indicates that the GlyRα3 subunit
is expressed at many more glycinergic synapses than is the
GlyRα1 subunit, and that the synapses occupy different
strata within the IPL. In addition to the punctate and
putative synaptic labeling in the IPL, we also found
labeling in horizontal cell perikarya and dendrites in the
OPL (Fig. 4A).

Next, we double-labeled sections for mAb4a and for
GlyRα3 (Fig. 5A, B). A comparison of the puncta showed
that many were co-localized (see boxes in Fig. 5). To study
a larger sample, we superimposed two transparent sheets
over the micrographs in Fig. 5A, B and traced the puncta
onto the sheets. We found 528 puncta immunoreactive for
mAb4a and 333 puncta expressing GlyRα3 (ratio 1.6:1).
Afterwards, the two sheets were superimposed, and the
number of coincident puncta counted. We found that 62%
of the GlyRα3-immunoreactive puncta also expressed
mAb4a. The reason that not all GlyRα3 puncta were
stained with mAb4a remains a matter of speculation;
perhaps mAb4a did not recognize all synaptic GlyRs
because the antigenic sites within the N-terminus were
masked when the subunits assembled to form the
pentameric complex.

Localization of gephyrin

Gephyrin (a 93-kDa protein) is essential for the clustering
of GlyRs and certain isoforms of GABAA receptors at
postsynaptic sites (Essrich et al. 1998; Feng et al. 1998). In
the retina of geph (−/−) mice, the clustering of GlyRs is
totally abolished (Fischer et al. 2000). In sections through
the IPL of frog retina immunostained for gephyrin
(mAb7a), numerous gephyrin-immunoreactive puncta
can be observed (Fig. 6A; the corresponding area by
Nomarski optics is shown in Fig. 6B), and with the
exception of a band of reduced density in stratum 4, no
obvious layering of the gephyrin puncta was apparent.
Gephyrin immunofluorescence was also found in most
perikarya of the ONL, INL, and GCL (not shown). A
comparison of Figs. 6 and 2 shows that the number of
gephyrin-immunoreactive puncta is significantly higher
than the number of puncta immunostained by mAb4a.

This suggests that, as in the mammalian retina, gephyrin is
not only expressed at glycinergic synapses, but also at
GABA-ergic synapses (Sassoè-Pognetto et al. 1995;
Fischer et al. 2000), and that gephyrin can no longer be
considered as a specific marker of glycinergic synapses in
the retina.

Discussion

Glycinergic amacrine cells

Ramón y Cajal (1893) studied the frog retina in Golgi-
stained vertical sections and described the exquisite
stratification of the IPL; bipolar cell axon terminals,
amacrine cell processes, and ganglion cell dendrites were
found in characteristic strata within the IPL and 13
different amacrine cell types were illustrated. A recent
study of amacrine cells of the anuran retina, with a
comparison of morphology and chemical neuroanatomy,
described at least 21 different types of amacrine cells
(Vigh et al. 2000). In the fish retina, 43 different types of
amacrine cells have been described (Wagner and Wagner
1988) and, in the turtle retina, 37 types (Ammermüller and
Kolb 1996). Modern methods, such as the photofilling
technique, could possibly reveal as many as 30–50
amacrine cell types in the frog retina, comparable to a
recent survey of rabbit amacrine cells (MacNeil and
Masland 1998). In the mammalian retina, widefield
amacrine cells are usually GABAergic, whereas narrow-
field amacrine cells are glycinergic (MacNeil and Masland
1998). In the salamander retina, such a simple rule seems
not to hold. Yang et al. (1991) have described that both
multistratified and monostratified widefield amacrine cells
and multistratified narrowfield amacrine cells express
glycine immunoreactivity. At present, it is not known
whether glycinergic amacrine cells of the frog retina
follow the mammalian scheme and are small-field ama-
crine cells, or whether they are a mixed population
comparable with those of the salamander retina (Vigh et al.
2000).

Fig. 6A, B Vertical section through a frog retina immunolabeled for
gephyrin (mAb7a). A Gephyrin immunofluorescent puncta are
found throughout the IPL. Amacrine cell bodies (top) are strongly
labeled, whereas ganglion cell bodies (bottom) are only weakly

labeled. B Retinal layers by Nomarski optics (INL inner nuclear
layer, IPL inner plexiform layer, GCL ganglion cell layer, 1–5 IPL
subdivided into five strata). Bar 20 μm
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Diversity of GlyR

It is commonly assumed that three α and two β subunits
assemble and form the chloride channel of the GlyR. The
glycine-binding site is on the α subunit, whereas the
structural β subunit is linked to the cytoskeleton through
gephyrin (Vannier and Triller 1997; Harvey and Betz
2000; Laube et al. 2002). To date, four genes encoding the
α subunits (α1, α2, α3, α4) have been found. With the
exception of the α4 subunit, mRNAs for all other subunits
have been revealed by in situ hybridization in the adult
rodent retina (Greferath et al. 1994). Whether the α4
subunit is expressed in the mammalian central nervous
system is still a matter of discussion (Matzenbach et al.
1994).

In the present study, we have successfully applied
antibodies against the α1 and the α3 subunits to sections
of the retina of R. ridibunda, but we have observed no
specific labeling with an antiserum against the α2 subunit
(not shown). The same antiserum, when applied to
sections of mouse, rat, Xenopus, and turtle retinae, gives
punctate label throughout the IPL (unpublished observa-
tions). The failure of the antiserum against the α2 subunit
to label the retina of R. ridibunda may be caused by
unknown technical reasons and may not indicate the
absence of the GlyRα2 subunit from this retina.

GlyR immunoreactivity is not distributed evenly across
the IPL but is aggregated in brightly fluorescent puncta
that we interpret as aggregations of the receptors in
postsynaptic densities. The density of the putative
glycinergic synapses across the IPL is not uniform, strata
of lower and higher density having been observed; these
strata are characteristic for the various GlyR subunits
(Figs. 3, 4). As mentioned above, the bipolar cell axon
terminals, the amacrine cell processes, and the ganglion
cell dendrites all exhibit specific stratification patterns
across the frog IPL (Cajal 1893). Taken together, these
data suggest that the different GlyR subunits are expressed
in different circuits and by different neurons. Clearly, more
specific markers that selectively label certain types of
neurons in the frog retina are needed before this correla-
tion can be established in more detail.

In the mammalian retina, the GlyRα1 subunit has been
shown to be preferentially expressed at the synapse
between AII amacrine cells and OFF-cone bipolar cells
(Sassoè-Pognetto et al. 1994). Consequently, there is an
aggregation of GlyRα1 puncta in the outer half of the IPL
at the locular dendrites of AII cells. The distinct stratifi-
cation of GlyRα1 puncta of the frog retina (Fig. 3) may
therefore also follow the dendritic stratification of a
subgroup of glycinergic amacrine cell. Unfortunately,
these have not yet been identified.

Localization of gephyrin

Gephyrin, a 93-kDa protein, was originally purified with
GlyR, and the antibody against gephyrin (mAb7a) was
considered to be a specific marker of GlyRs (Graham et al.

1985). Most of the studies of the localization of GlyRs in
the retina of lower vertebrates have been performed with
mAb7a and thus provide information about the localiza-
tion of gephyrin (Smiley and Yazulla 1990; Yazulla and
Studholme 1991a, 1991b; Zucker and Ehinger 1993).
Gephyrin has been shown, in the meantime, also to be co-
localized with GABAA receptors (Sassoè-Pognetto et al.
1995; Essrich et al. 1998; Feng et al. 1998; Kneussel et al.
1999; Fischer et al. 2000). In agreement with this notion,
we have observed the highest density of labeled synapses
in the frog IPL when applying mAb7a (see Fig. 6). We
have also performed double-labeling experiments with
antibodies against gephyrin and GlyRα3 (not shown) and
observed that only a minority of gephyrin puncta lie in
register with GlyRα3 puncta. This suggests the view that,
in the frog retina, as in the mammalian retina, gephyrin is
involved with the clustering of GABAA and GlyRs. In a
recent study of the zebrafish retina, mAb2b has been used
to study the localization of the GlyRα1 subunit (Yazulla
and Studholme 2001); labeling here is punctate, and the
puncta are aggregated in four strata within the IPL. This is
similar to the distribution of GlyRα1 in the frog retina
(Fig. 3).

GlyR in the outer plexiform layer

We have found glycine-immunostained interplexiform
processes (Fig. 1) and punctate GlyR immunofluorescence
in the OPL (Fig. 2B) suggesting that glycinergic synapses
are present in the OPL. The postsynaptic targets may be
bipolar cell dendrites, horizontal cells, or even photore-
ceptor terminals. Glycinergic interplexiform cells have
also been described in glycine high-affinity uptake
experiments in Rana pipiens (Marc 1985; Smiley and
Basinger 1989) and appear to be a common cell type in all
vertebrate retinae (Marc 1989; Smiley and Yazulla 1990).
Maple and Wu (1998) have shown, in a physiological
study of the tiger salamander retina, that bipolar cells
receive glycinergic synaptic input, both at their dendrites
in the OPL and at their axon terminals in the IPL. Du and
Yang (2002) have demonstrated, in a physiological study
of the bullfrog retina, that bipolar cells express heteroge-
neous GlyRs at dendrites and axon terminals. The results
of the present paper, revealing a diversity of GlyRs both in
the OPL and in the IPL of the frog retina, are in
accordance with these results.

Physiological diversity of GlyRs in the retina

Our results predict that several different isoforms of GlyRs
are expressed at the synapses of the frog retina. The
physiologic and pharmacologic profiles of the glycinergic
currents will change depending upon the subunit composi-
tion. In artificial expression systems, the α1, α3, and α4
subunits produce channels with fast kinetics, whereas
expression of the α2 subunit produces channels with slow
kinetics (for reviews, see Harvey et al. 2000; Legendre
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2001). Differences in kinetics of synaptic glycinergic
currents have also been observed by Maple and Wu (1998)
between dendritic and axonal GlyRs of tiger salamander
bipolar cells. Du and Yang (2002) have observed that
dendritic GlyRs of bullfrog bipolar cells have single
channel conductances of 18.2 pS compared with 8.1 pS of
axonal GlyRs. Pharmacological studies of glycinergic
inhibition in the tiger salamander retina have revealed two
types of GlyRs: one sensitive to strychnine and the other to
5,7-dichlorokynurenic acid (Han et al. 1997; Han and
Slaughter 1998). They are also differentially modulated by
Zn2+ (Han and Wu 1999). Taken together, these data show
that GlyRs of the lower vertebrate retina are not a
homogeneous population, but that different isoforms are
expressed. Their major distinguishing feature seems to be
the temporal scale at which they operate. Dependent on
their subunit composition, GlyRs may produce tonic or
phasic inhibition, and sustained and transient light
responses might be the result of the expression of the
different isoforms of GlyRs.
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